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MILLIVOLTMETERS*
H. S. BURR AND ALEXANDER MAUROt
In a previous paper (Burr et al., 1936), a technique was described
for the measurement of relatively steady state potential differences in
living systems. The technique was designed to measure one aspect of a
primary property of protoplasm, the electro-dynamic field. Its purpose
was to provide a procedure which would give reproducible and predict-
able measurements of relatively pure voltage differences with a mini-
mum disturbance to the system being measured. The input impedance
of the circuit was set at 10 megohms as a practical compromise between
a current drain instrument and an instrument with such a high input
impedance as to be sensitive to a great variety of electrical disturbances.
The instrument was designed to be effective at the microvolt range, to
be sufficiently stable, and to be independent of the ordinary changes
in the electrical environment.
The original circuit employed 112-A tubes and silver-silver chloride
electrodes. These electrodes were prepared by chloriding silver oxide.
In the years intervening since the publication of the original technique,
constant search has been made for improved and simpler procedures.
Recently this has been made imperative by the cessation of manufacture
ofthe 112-A's. However, practice hasmade it clear thatno basic changes
in the original theory of the instrument were necessary. Minor modifi-
cations were necessary only as a result of the appearance of more
modern vacuum tubes. Moreover, it has become obvious that the great
majority of measurements in laboratory animals and in humans are in
the millivolt, not the microvolt range. This has reduced some of the
earlier rigorous requirements. High insulation of switches is no longer
required, nor is it necessary to remove tube bases. Insulating the equip-
ment and batteries on glass can also be dispensed with. The lesser sen-
sitivity has made unnecessary the rather elaborate technique in the
preparation of the electrodes.
Of the large number of changes which have been tried, four vari-
ants have proved effective. The electronic bridge circuit satisfies two
criteria for a good DC millivoltmeter, namely, simplicity and stability.
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It is made up usually of two resistance arms and two electronic arms,
i.e., vacuum tubes, one tube being used as a dummy and the other as
an active element to which the voltage to be measured is applied. Thus,
the output of the bridge can be looked upon as the result of the bridge
unbalanced by a change in resistance of the active electronic arm when
excited by the unknown voltage under investigation. The stability of
the bridge circuit is a consequence of the fact that all components are
usually very nearly symmetrical, thereby making the output quite insen-
sitive to variations in supply voltage. The resistance arms can be ad-
justed to any degree of symmetry and the electronic elements are usually
chosen by trial and error. However, an additional factor to be discussed
presently, which determines the degree of stability quite independent
of the bridge characteristic, is the amount and variation of grid current
in the active electronic element.
The 3A5 circuit shown in Figure 1 is adirect evolution of the 112-A
circuit described in the original paper.' The 10,000 ohm potentiometer
serves as the two "fixed" arms of 5000 ohms apiece. By means of the
20,000 ohm potentiometer an appropriate grid bias can be obtained
up to -1.5 volt sufficient to render grid current practically zero. This
condition is manifested by zero de- a+
flection of the galvanometer (con- 45V
nected at G across plate to plate)
when the input switch is thrown K
so as to short the input grid re-
sistor of 10 megohms. If any grid G c A+
current is flowing, shorting of the 3 4
grid resistor will remove the effec- G %
tive grid voltage equal to the o
product of the grid current and 10
megohm resistance. Depending 0
upon the value ofgrid bias the grid 3A5
current will be either positive or 20K
negative (positive ions or elec- B
trons) and correspondingly the A-
galvanometer deflection will be to 1.5V. FIG. 1. The circuit of the most useful battery- the right or left. Several trials will operated 3A5 millivoltmeter.
establish the proper bias value to give zero grid current, viz., zero de-
flection. The 3A5 filaments (in parallel) should be operated at 1.4
volts. The 6 ohm rheostat is provided to permit the use of a 2-volt
storage cell for filament power. Usually a condition of zero grid cur-
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rent will occur where the steady state current of the active electronic
arm is different from that of the dummy element. This will result in a
large initial unbalance of the galvanometer deflection which, however,
can be corrected by a compensatory setting of the 10,000 ohm poten-
tiometer to either side of its center position.
The basic bridge circuit described above can be improved by in-
serting a large resistor in the filament return lead to B-. This tends to
make the circuit more insensitive to plate supply variations by virtue
of cathode feedback. In Figure 2 this scheme is shown, using a duo-
triode of the heater type. Thus the entire circuit may be operated by a
power supply from a 60-cycle alternating current through a voltage
regulating transformer (solar) to minimize drastic line voltage varia-
tions. The condition of zero grid B+
current is obtained in much the 9ov.
same manner as described above.
The arm of the 100,000 ohm OK
potentiometer is set so that its po- G
tential is approximately +45
volts with respect to B-, where- ,
upon the grid current is tested as 2C21
usual. The 10,000 ohm resistor in 0
the cathode circuit can be used for
fine adjustment. Since the 2C21
has become obsolete, it is advis-
able to use instead a 6SN7 or 20K IOK
6N7. Both tubes have performed FIG. 2. A lineoperated 2C21 instrument.
satisfactorily.
The circuit in Figure 3 indicates an interesting variation of the
basic 3A5 scheme in that a pentagrid tube is used to provide both elec-
tronic elements of the bridge. The B+
upper section which might be con- 45V.
sidered the tetrode component of
the 1A7 is used as the active elec- 0K
tronic arm and the lower section Go
(triode section) is used as the 5
dummy. Note that since the con-
trol grid of the tetrode section is Q $
"shielded" by several positively 0 M 1 o7
charged grids, namely #3 and
#5, it should be relatively free of - 3. 8 l1.5V.
positive ions. Such a condition in- + - -
sures more grid current stability PIG. 3. A low current drain battery portable circuit.
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since only electron grid current will be present. The circuit adjustments
follow as described above.
Utilizing the data of Nielsen,2 who has investigated the 959 acorn
pentode for a variation of the "space charge grid" connection, a
bridge circuit was constructed as shown in Figure 4. The normal use of
grids GI, G2, and G3, the control, screen, and suppressor grids, re-
spectively, is varied as follows:
The potential of Gi is +1 volt 6v.
(connected to the positive side of
the filament) and acts as a space t59 charge grid; the potential of G2 is
+3 volts; G3 is biased at -1.5o -
volts via the 10 megohm resistor
and serves as the control grid. The L_
circuit has the marked advantage of 3v..
negligible grid current and the T
facility in attaining this conditiongnc_ _
by merely biasingG3 at-1.5 volts. FIG. 4. A stable, low voltage, but relatively insensitive instrument requiring a high sensitivity A disadvantage is low, over-all sen- galvanometer.
sitivity which is a result of operating the 959 in a region of low trans-
conductance. The deficiency is not serious if the instrument is to be
used in the laboratory where sensitive galvanometers are usually avail-
able. The previous circuits (Figures 1, 2, 3) are capable of driving rela-
tively insensitive galvanometers usually found in more portable models.
Simplification of the electrode problem has been accomplished by
chloriding pure silver wire or rod in the hydrochloric acid solution. By
making several pairs of such electrodes, it is usually possible to get one
pair differing from each other by less than one millivolt. These are
easily made so that a new pair may be substituted whenever any two
electrodes seriously drift apart. At the suggestion of Dr. Theodore
Shedlovsky of the Rockefeller Institute, a different method of preparing
reversible electrodes has been employed with considerable success. The
technique is simplicity itself, since it involves only the dipping of care-
fully cleaned pure silver wire into the melted silver chloride C.P. Expe-
rience has shown that the most effective electrodes are made by sus-
pending the silver wire in molten chloride until the temperature
gradient between them is equalized. Removal of the wire then leaves a
thin coat of silver chloride on its surface. The resistance of such elec-
trodes is at a milnmum.
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It is often wise, however, to have more rugged electrodes which can
be prepared by repeated dipping of the wire. In these electrodes, the
resistance can be kept at a minimum by leaving a small portion of the
silver wire exposed to the enveloping sodium chloride. The great beauty
of the Shedlovsky electrode is that it will stand quite rough treatment,
it is easily made, and can often be brought to equipotentiality by gentle
cleaning of the area of exposed wire.
Electrodes made in either of the ways described above have only
two requirements:
1. They must be placed in some kind of container filled with
physiological salt solution in such a manner that no part of the metal
comes in contact with the living system.
2. Since electrodes are commonly connected to the millivoltmeter
through copper wires, the dissimilar metallic junction must always be
protected against moisture, particularly the salt solution. In practice, it
has been found that ordinary medicine droppers make excellent holders
for the electrodes. However, the shape of the electrode holder may be
modified to fit any particular requirements. More than fifteen years of
experimenting with this technique has shown it to be applicable to a
wide range of problems and to yield consistently satisfactory
measurements.
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